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Str
Index value of s strut.-
of straight, centrally loaded
Uts
We shall oonsider the behavicr
compression struts. Widely
vazylng phenomena appeez In the failure of such a strut.
Struts which break clesn, acoording to Euler, are poor from
the standpoint of strength, as will be explained later. In
most cases the yield point is reaohed or exceeded, at least
in certain places, before failure occurs. Buckling fid tcr-
sionsJ phenomena also appear. We now have no method which
enables the computation of the buokling load of a strut with
the degree of accuraoy requisite in airplane construction
and with due regard to aU these oomplex ‘phenomena. Even if
we had such a method, it would be tco oompllcated. For deter-
mining the dimensions of a strut, we are therefcre usually
oompelled to resort to the evaluation of experiments.
.,,. ,.. ..
The basis for this evaluation is supplied by the law of
similsxity of the strength of materials. This law says that,
.
with two geometrically similar struts, made of exactly the
*MEinige Bemerkungen fiber Knickstkbe und Biegungstr&ger. Der
Kennwert.H From l!eitschriftf&r Flugteohnlk und Motorluft-
schiffahrt, June 14, 1928, PP, 241-24?.
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.
same material.and simil~ly loaded frnm the geometrio stand-
+- ...... . .,
point, sll deformations will be geometrically similax snd--all
.
geometrically corresponding points.~11 be subjented to like
stresses, provided the external leads exe proportional to the
square cf the lineex dimensions of the struts. This law ap-
plies sven when the yield point is exceeded. Henoe doubling
the lineaz dimensions (and therefore the length 1) of the
strut inoreases the buckling load P fourfold; tripling the
. lineex dimensions inoreases P ninefold, etc. It iS obvious
that the geometri.osllySirnilaxenlargement of a strut does
not aJ.terthe velue of ~1,
value K of the strut. That
If, for example, a strut
. .
which we will call the index
has a circular cress seotion,
and if its length 21, is such that the yield point of the
.
material is barely rea~hed at the buokling lesd, then the
materisl is equelly well utilized In all geometrically simi-
lsz struts, i.e., with those having the same Index value.
If we consider another strut whloh must withstand the same
buckling 10ad, P= = PI, as the original strut, but which is
supposed to have twioe its length ta = 2ZI, we must then, .
.
if we wish to give fhe new strut also a ciroul~ cross seo-
“ tlon, hxrease the inertia m~ment of the cross-sectional ezea
and sJ.soinorease this area itself to correspond with Nerls
formula. This, however, diminishes $he buckling stress.
Therefore, the new strut (as well as all struts geometrically
a .-. — .-
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slmilax to it) is not so well utilized, and its in”dexvalue
,.,.
—.! - ..
is sm~ler ii ‘=&/2.
In order to utilize the material of the new strut better,
we can, for example, correspondingly Increase the moment of
inertia by using a cir~lar cross seotion (tube) without in-
creasing the cross-sectional area. Then, even with this strut,
the yield point Is neexly reached with a smaller index value,
and the materiel Is therefore well utilized. If the index
value of a strut 1S still emsllex, the walls of the tube
must be made still thinner in proportion to its diameter,
the cross-sectional exea of the welllsof the tube must be
. .
I.e.,
made smaller. Despite this cross-sectlonsl reduotion, the
buckling stress diminishes with diminishing index value,
since buckling phenomena now begin to appear. Hence
be disadvantageous to use this greatly reduced cross
for a strut with high Index value..
The modulus of elasticity plays hardly any role
short, highly stressed struts, hence with very large
it would
section
with very
index
values. Everything then depends on the breaking strength of
the material. Very long, weakly stressed struts, henoe with
smell index values, require, however, a material with a rel-
tively high modulus of elasticity, i.e., amaterlsl of high
. . ..
resistenoe to buckling stresses.
Hence the index velue ~Z-
tlonel form of the strut and also
determines the
the material.
cross-sec-
The smaller
1
.,
.
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the Index value, the more the cross-sectional form Is reduced
(i.e., thi thitier the-’wtils),the ‘morethe buokling phen-om-.
ena appe~, and the smaller the attainable buckling stress
with the best oross-seotionti form.
The index value depends simply on the external conditions
.to which the strut is subjected, namely, the axial load and
the length of the strut. Both these quantities are determined
.
by the design. The Index velue is independent of the quanti-
ties (material.,cross-sectional form and srea, buokling stress
and weight) sought in the design. It is the deslgner!s task “
to find the best cross-sectional form and the best material
for the given Index value.
The index velue is not nondimensional. Neither is it
possible to find for it an equivalent, nondimensional value.
If the force is expressed in kilograms and the length In cen-
timeters, the Index values of an airplane structure “verybe-
...
tween 0.3 and 3 kgua cm-z. Any funotion of the index vslue
would serve the same purpose as the index vsJ,ue~~~”. The
above value is chosen because the Ner curves then appear .
as stzaight lines in the diagrams. 6
Index value and light construotlon.- If the index values
..-. ..
occurring in airplane construction are oo~tied irlth-those
of high iron structures, it is found that no great difference
exists and that geometrically similar oross seotions oould
therefore be used in both oases. The faot, nevertheless, that
— —-- .—— -.
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! in airplane construction, budcllng Introduces new prcblems
L .,
i
~d leEdtito other cm@muotive solutions is due, aside from
b’
the greater acour~y with whioh the buokling load must be
I$ known, to the actua3 size of the structural psrts.I In high
f
Iron construction with small index vslues, the orcss secti~n
z
1 Is resolved into single struts. This methnd has also been
adopted in airship construction, due to its exoeedlngly smsll
Index velues. In airplane construction, with its small dimen-
sions, such a detailed resolution of the strut cross sectien’
wml.d be tho cemplloated snd costly. The individual compo-
nents would also be too easily broken. We therefore proceed
simply from the thickness of the metel sheets. Buckling phe-
nomena sre thus produced, which sxe aveided by corrugations
and engles in the cress-sectionsl form.
Airplane construction Is also distinguished from bridge
building by the sheet-metal Surf=e covering. Buckling phe-
nomena slso play an important role in the application of this
sheet metsl. Corresponding to the Importance of struts and
sheet-metal walls or coverings In metel-airplane oonstructiop
(together constituting perhaps 90$ of the weight of the oell),
the srt of light-metsJ.airplane oonstruotion might be defined
as the avoidemce of buokllng In the struts and sheet-metaJ-
wallF30
.,.
.
A
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,.. . Use of the index VSJ.USfcr the dimensioning and comparison
of struts.- Even if one has e~erimknted and plotted ifithe
usual way the buokling stress u for eaoh profile against the
slenderness ratio I/i, he thus obtains no information as to
l
Which strut is the lighter for a given length and a given ax-
ial load.
The following method Is preferable. The Index velues K
are entered m the abscissas and the axlsl or buckling stresses
a on the ordinates. The points mbtained in a series of ex- “
periments with struts of like cross-sectional form,* but of
diffsrent lengths, exe plotted. Figure 2 represents the ex-
perimental restits with three oross-seotimkl forms, all be-
longing to the same kind of profiles.**
The
straight
Figure 1
Euler curve for each cross-sectimm3 form is the
line passing through the origin. For compszison,
shows the USUSJ.representation, for the ssme profiles,
of the axial stress a plotted against the slenderness ratio
I/i. If it Is desired to extend the results to intermediate
wsll thicknesses throu@ interpolation,then both diagrams
should be plotted, In order to have a oontrol for the estim-
:
tien.
..
-.
Ex~le of dimensioning.-’P - 4000 kg (8818 lb.);
.....
2 = 90 cm (35.43 In.); K = If the kind of pro-
*liLlkecross-seoticmsJ.formlrmeans a geometrically slmilsx
form, while ‘like profile kind~ means similex external dimen-
sions, but varying wall-thickness ratios,
**The curve= in this and subsequent figures make no olaim t@
mathematical aoouraoy.
file shown in Figure 2 has keen decided upon.fot construction-m-
... ... . .
d reasone.(e.g., suitable ~omblnatlcn possibilities), it then
follows fr@m this figure that, for this index vslue, profiles
tiith aja = 50 down to about 35 withstand the greatest axial
10sAs, end in faot u = 1700 kg/cm (24180 lb./sq.ln.). From
this the oross-seotlonal sxea Is found to be F = l?la= 2.35
o@ (.364 sq.in.). ?e ntm have to
ble any pr~file which has a vsLue
as possible t~ the given srea F.
“takefrom our profile t-
ajs = 35-50 and as near
The single prbfile with
normal dimensions, which comes into the questionj is prcbably
the profile with a = 50 mm (1.97 in.), s = 1.2 mm (.047 in.),
and Y= 2.55 ema (.395 sq.in.)~ In contrabt with the USUS3.
s
method, it is seen that the prooess of computation is perfect-
ly definite end very simple.
The dash-and-dot enveloping curve shows the meximum
buckling stress of this kind of profile. ~t is hpparent
that the thin-welled profiles are superior at sm~l Index
.
values and the thick-walled profiles at l~ge index vslueQ.
It is also manifest that the most favorable cross-seotion~
form always belongs tc a profile which
“ingto Ner, but,
-
‘the yield point.
Of COILCsethe
in buckling, bulges
ouxves for entirely
,
prefl~es can also be plotted in Figure
do~s not buckle aooord-
or is stressed beyond
.
-.. ,.
different kinds of
2, and then the .
strength charaoteristios of these profiles can be directly oom-
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,,
pazed. If struts of different materitilsare compexed, then
. ..-.,-,-
the value’ &~’ ~-~ be pl’otted-Instead of u, or, a~ happens “
in Figure 3, two different soales oan be chosen for the val-
ues of o corresponding to the.different speclfio gravltiee ? .
With the aid of such a diagram more acourate weight estimates
oan also be very quickly made, slnoe the buokllng stress mm -.
thus be determined without first finding the dimensions.
Buoklin~ resistance of struts made of various materials.-
Compsrisons will now be made between the weights of struts of
like length snd loading, but of different materials. The
ratio of these weights depends on the index value and on the
kind of profile chosen. A universally applicable proportion-
ality faotor oannot be given. Oertain limiting
considered, however.
1. Very great index value .- In this ease
oases cm be
the yield
point C-= is important in the first approximation. The
lightness of the strut then depends on the value Uo,a/Y.
This value, as likewise the comparative values introduced
farther on, is oal.ledthe ‘coefficient ox meritn of the mate-
risl (Cf. B. A. Schxoeder, in Zeitschrift fb F1.ugteohnikund
-Motorluftsc4ii’fahrt, 1928, P.105) Gm = do.=A .
,.,-
2. Geometrically simil~ cross seotlon~.- If two struts
are nhde in geometrically similar cross sections from differ-
ent materiels, and if yield points and buckling phenomena play
N.A.C.A. Technical Memorandum No. 500 9
.
no,~~t (whioh can badly happen in praotice), we then ob-,.
......
l
,.
1,
m.
ab
..---- -
taln from Euler~s formula for this ease the.coefficient of
merit of the material ~ = E@~ in which E is the modu-
lus of elasticity.
3. Buokling end.bulElng of profiles with curved suzfaoes
(e.g.. round snd streamlined tubes).- As already mentioned, “
.
struts in whioh the yield point is not reached, are always
so made that they bulge in buokling. Hence it neoesmrily
9
follows that two struts of different materisl, even when they
have the same kind of profile, are not made with geometric-
ally slmilsx cross seotions, but the thickness of their WQJ.lS
is adapted to the dsnger of bulging. If the profiles sre
oulvilinear, then the coefficient of merit of the ma,terlslIs
3
determined by the following process, which Is applied to
tubes for the sake of simplicity.
With a small well thickness s, the inertia moment
J = ~ F r’ for a tube of radius r and oross-sectional
round
area
Ft Hence, aocording to Euler, the ~~kl~ng moment IS .
(1)
. me stress u, at which bulging occurs in a compressively
.
stressed metal sheet, Is determined from the equation ‘.
u =k@$ in whioh k Is a oonstant (Cf. Rudolf Meyer, llDie
KniokfestigkeltH). In the most favorable ease, buckling end
bulging ocour nearly simultaneously and
.
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p.~u. rkl+l (a)
w.,.. ,-,
,.
La8.tlY.we nut
...
-. . . .
1’=“2?rs (3)
he
B’.
eliminate r and s from the three equbtlons and oaloiiLatb
We then obtain the weight of the ~trtit..
f3=’y2R’=ffl ra 4,P%:ITk E
The strut weights are therefore proportional to Y/Ea’s, the
inverse of which is the coeffiolent of merit of the material,
~ = Ea~3/Y .
.
Sinoe with round tubes, provided the dlemeter is not re-
duoed for constructive reasons, it is almost always possible
to bring the buckling stress neer to the yield point and to
avoid bulging, the just-computed coefficient of merit of the
material is Important for streamlined tubes.
4. BuokliM and bul.~infzof profiles with flat surfaces.-
This Is aotually the most oommon case, espeolally sinoe it
universally applies more or less ~curately to so-oalled open
profiles. In considering the bulging of flat surfaoes, we
put the buckling stress proportional.to E ~ (in which a
d8not& a dirn&isionof the proftle seotion) and,Qbtaln,
~ = E‘s)$ by a method slmilaz to the previous one.
N.A.C.A. Technlod. Memorandum No. 500 11
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L!. ... 5“ Buokli~ stresses”of sheet-mets3 walls, exposed to
. .
. .
. ..- .
.. -—.-
shearing and COm res”siveforces, for a-given distsnoe betwden-
the stiffeners.- In this ease the buokllng stress is again
proportlonti to E ~ in &oh a denotes the distance be-
aa
tween the stiffeners. We obtain the coeffiolent of merit of
the material ~ = E3’~Y .
t
Comparison of Steel and Electron with Duralumin
ao.a E Y
Durelumin 2?00 0.71.106 2,8
Steel 6000 2.2.106 7.0
Electron 1900 0.45.10= 1.8
The materisl coefficients of merit were calculated for
these numbers. The ratios of these coefficients and conse-
quently the ratios of the strut weights sre given in the fol-
lowing table.
Ratios of the Strut”Weights
1. Compression
2. Buckling, geom. similar cross seotion
3. Buckling and bulging, ourved surfaae
.4...”J n II flat qurfaoe
.
5. Buokling, sheet-met&l.wall
.
steel to Electron to
duralumin durelumln
1.26
I
0.91
1.58 I 0.81
1.31 I 0.8~
1.77 0,77
.....----
1.91 0.?5
N.A.C.A. Tichnicd
I do not wish
,,.
-.,...,-
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to overestimate the importance of these
numbers individually, tit collectively they show that ‘duraln.
Is superior to steel in every instanoe, especially in ease 4 .
of the flat-faced profile closely oorrespondhg to the reality.
In many instanoes ease 1 (compression) iS probably the best .
for oomparing steel and dural tubes. Of oourse the weig~t of
the connecting paxts (guesets, welds and fittings) are disre-
garded in this compexison.
In fabric-covered steel airplanes we always use tubes
whloh are welded to the joints. In pure durelumin airplanes,
the statically unfavorable flat profiles are generally used
because of their being easier to join. The considerations
of this section axe not applicable therefore to the mutuel
compaxlson of such airplanes. Such comparisons must be made
with the aid of diagrams like Figure 3. The =Wents Of
this section apply only to the use of steel struts in all- ~
metsl airplanes since, in such airplanes, diffloultles in as-
sembling the structural parts militate against the use of
steel tubes.
The above
files situated
arguments are directly applicable only to pro-
inside the airplane parts. In wing struts
. ..
.and the.1-lke,the greater froqtql area of dural struts natur-
..s..
ally inoreasees the dreg and detrimentally affects the effloi-
enoy of the airplane. In this respect, steel is generally
superior, as well as because of its lower oost, generally
.N.A.C.A. Teohnlosl Memorandum Ho. 500 13
-.. ...- smallez weight, ~d-,cheapex fittings.
...+. ,-
.....
MountIng of e~erimental f3truts.- In testing stmts they
are often compressed between balls. The results, even with
very long struts, @ not agree with Eulerls theory, the re~
son for whloh wI1l be e~lained farther on.
In tests between knife edges, on the contrary, olesr
and mathematloally applicable relations are obtained. Figure “
4 represents the upper end of a strut mounted between knife
edges. The radii ~ and Za of the knife-edge bearings
must be chosen in correspondence with the HertzIan equations.
The length of the knife edges must, as explained farther on,
be made so large that these radii oan be as different as pos-
sible, e.g. ra < ~ rl.
Zf the strut (Fig. 4) yields laterally, as a result of
the loadlng, by the angle Q, the line of direction of
foroe P intersects the axis of the strut at the point
which iS distsnt by
the
A
from the contaot point of the lmife
m. ““z.- A2 is .therefore’to.be.rqgarded
If the difference between the radii
edges. The iength
as the buckllng length.
.,
rl snd r= is too small,
it may hbppen that the sngle ~ is greater th~ the angle of
friotion, so that the knife edges slip on e&oh other and the
relations are obsoured.
li.A.C.A.Technloal Memorandum No. 500
In compressing the struts between
....
14
balls (Fig. 5) the .
strut lengths might be similarly reduoed”as-betweenknife
edges. In order to obtain, aooording to Hertz, the necesssxy
strength of the balls, either the diameter of the bells must
be made unusually large, or the diameter of eaoh bell snd Its
socket must be nesxly equal. Thereby the correction.A 1 bq~
comes very lsxge (up to 30$ of the strut length). Further-
more, even for a small
lsxge, that rolling no
The relations are then
yielding, the angle ~ becomes so
longer ocours, blitonly slipping.
no longer oslculable, and the buokling
stresses scatter more than in the knife besring. Agreement
with the Euler curves oannot generslly be obtained. With
long struts the e~erimentsl points msy lie 1OO$ above the
Euler curve, if the latter is based on the length of the
strut between the centers of the balls.
The objeotion might be made to the knife bearing that
the strut oannot buokle in every direotion. In actusl prao.
tice, however, the direotion of buckling of a strut is gener-
sJ.lypredetermined. Some struts eze looated in a sheet-metal
oovering; some me held in one plaqe by assembly gussets at
their ends; and some are crossed by other struts. Often the
“principalinertia moments also differ considerably.,or the
struts are compressed eocentrloslly. The knife beexing then
corresponds to the reality as well or better then the bsJJ
bearing.
/.
-.
.
-,
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Under
The Index Value of a StruotursJ Part
.-
.
certain oonditioris,genersl statements oan be made
regarding the index value of a .struoturalpart: The simplest
case, under this head, Is that of an eocentricslly compressed
strut. In this ease, as in”an axially compressed strut, the
strut length Z and the bub~ing load P sre established as
external struoturel conditions. Both these conditions, how-
ever, are still equivocal. Still another external condition
regarding the nature of the eccentricity must be supplied.
The oommonest oonditlon in airplane construction (as for sl-
most sll struts resting on sheet-metal wells snd receiving .
their loads from these walls) Is that the load is applied to
a marginal surface of the profile as, for example, to the bot-
tom of a U profile in this position. From considerations
quite similar to those In the ease of an axlelly compressed
strut it again follows that, with a glv&’’proflle shape and,
given materlsl with like index value fi/Z, th~ sane mean
oompresslve stress is admissible; that this stress diulnishes
with the best profile form with diminishing Index value (i.e., “
with every given index v~ue); and fuxther, that the best
profile s3ways bulges or IS stressed beyond the yield point,
. . .....
eta. If the mean “compressiveBtress is plotted @aihst the
index vslue, profiles with very different cross-seotlonal
shapes and of dlffe8ent materials can be direotly oompared.
———
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.
Even compound girders, consisting of tension and ooti
. -..-..
.’ .
presslon members, gussets, eto., oan be given Index velues,
when oertaln conditions regarding the external dimensions
and the nature of the loading are bown. In a way similar to
the one used for the aero~amio Index value, we must det6r-
mine, for suoh members, to what length 1 (e.g., the span of
.,
a wing or the width of a seaplane hull) and to tiat external
flload P we wish to spply the index value P Z . The oon-
slderations ~e directly applicable only in comparing two
such members for which the loads”stand In the same ratio
which, for example, Is ususlly the ease of the bottom gir&
era of flying boats and often also of wing spars. Further-
‘more, it must be said, by way of qualification, that this
compaxlson Is limited to the p~tlcipation of the psrts
stressed to their fqll strength in at least one loading ease.
Parts, the thickness of whose walls , for example, is deter-
mined by other considerations, oannot be thus oompexed.
In suoh a structural part z+o’genersJlyapplicable rel>
tive stress can be given for the oomparlson of the weights,
since the ratio of the stresses of ‘eaohpair of oorrespondlng
members in the two structural parts Is not constant for dif-
‘ferbritindex values. As the criterion for”the weights, we .
therefore choose the unit weight G/P2 ((3 denoting the
..
weight of the whole Structural.pat) which corresponds to
the value 1/0/7 in the case of a strut. For all tension
l?.A.O.A. Teohniosl Memorandum No. 500 17
members made of a given material the unit weight is the same
.. ....-.-.
at all i~dex-vslues. For all oo@res6ion members it is also
the same for two structural porbs at the same Index velue,
but, with dlminlshlng index vslue, the unit weight inoroases
(in oontrast with the stress in the strut, whose inverse
velue it is), @ it deoreases with Inoreaslng index value.
This relation between Index vslue and unit weight therefore
serves for oo~axing the forms of a struotursl p~t and, In
partlcuJ.ar,al~o fu”nlwhes a good basis for weight estimmtes,
when simil~ psrts, in other dimensions and with other loads,
have been previously tested.
It should be mentioned furtJherthat the index values in-
orease with the Rohrbach method of enlarging, while they re-
main constant with the Manchester nethod. Even In this re-
spect the Rohrlmh method of enlargement seems to be superioro
Girders
Comparison of girder seotions.- In aost of the girders
used h an airplane (wing spars and side walls of the fuse-
lsge) the tension and compression flanges oonsti.tuteperfect-
.
ly distinct structural elements. The height or thickness of
~~these-girders is sJso ohietly aata.rmined~ exte~sl oondl-
tions. The following consldezations are therefore dlreotly
applloable to such girders, but they apply especially to
girders which consist of very few distinct members, so that
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no clesr separation of tenf310nand compression flanges is
..-....----.,..,-.
possible, and in whioh’the height o-rthiokness Is determined
largely by the strength.
The mathematical computation of the breaking strength of
suoh h girder by the usual method is not very aocure,te. In
the first plaoe, the admissible bendirigtension in the ten-
sion fibers, which Is generally 15-30$ above the tensile
strength, depends on the shape of the cross seotion or pro-
file. In the seoond place, as will be shown fsrther elong,
bulges elw~s occur on the compression members, even in the
most favorable cross-seotloneJ.shapes.
.
The ratio of the weight of the girders to the weight of
the cell is comparatively small. It Is chiefly the cover
profile and the bottom girders of the part which are dimen-
sioned according to their bending stresses. Since, however,
special profile shapes exe generally used for these parts,
it Is advisable to make systematic bending tests with these
profiles. A good method for evaluating these tests”will be
described below.
Since ttlting is not
ers, the bending strength
generally involved with such gird-
is independent of the profile length
. .
“except for very short girders.. It is therefore necessery (in
oontrast with struts) to test only one girder of eaoh pro-
file “shape. If the &ross-seotional area of this girder is
designated by F and the bending moment undergone by the
& — —-— .—
-.
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by the girder In breaking “by M, It then follows from the
.* ....L.
law o-f~~mllarity regsr~ing the strength of materials that
another girder with the ssme profile shape but, for example,
with four times as large & crom-eeotlonal ties, can withstand
l eight times as large ~ bending moment, and that a girder with
nine times ah large q oross-seotional shape oan withstand a
moment 27 times as lexge, eto. Therefore, In all these gird-
.
ers with geometrically similar orosi seotions, the quantity
FllJa/a, which we wI1l call the bending cOnstti C, remains
the same.
Another girder of tHe same profile shape, but of relative-
ly thin materiel, osn withstand a greater bending moment In
relation to the cross-beotional area, so long as no bulging
occurs, The bending constant of its cross section is there-
fore smaller. If the thickness of the material is further
reduced, bulges finslly appear, the bending constant then de-
.,
creases more S1OWI.Yand fin&Lly Increases again for excep-
tlon~ly thin material. In Figure 6 we have plotted the rel-
ative thicknesses (e.g., the values a/s for the different
profile”shapes) on the abscissas and the bending constants on
the ortinates. Xow, if the bending moment M is given, we
C9#
.’obtain the oros~sectionsl area
F I==.$-p
of the girder to be dimensioned.
,. . ..- ..
Hence the smsller C is,
—.—
. . . —
\I
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the
. the
the
of
=e
the
snsller the requisite moss-seotlonal area, however great
momeht ‘m’& be. lh8 most”f’a%orable
wall-thlokness ratio corresponding
0.
profile has therefore
to the minimum value
Since, in making the tests, the poorest profile shapes
excluded for bending experiments but, on the other hand,
mini-mum o ourve is mostly very flat, we obtain (within “
these limlts), for a given profile shape, a nearly uniform
bending constant, namely, the minimum which, In our case, Is
o = about 0.00465.
Since the dashed curve (Fig. 6) which would correspond
to the bending strength of the profile if no bulges should
appear, continually falls, bulges will always occur (as above
mentioned) even in the most favorable cross section.
If rigidity is also considered Importsnt, a profile will
be selected (within the chosen limits) with the msxhnum mo-
ment of inertia, and consequently a thin-walled profile (Fig.
6, right). On the contrexy, If spaoe is limited, a thlck-
walled profile is chosen. The weight is practically the same
In both cases.
The bending oonstrnt is no unknown quantity. Like the
-a/3
index value of a strut, it has a value. (kg cm-a) , whioh
represents a power of the value of a stress.
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Exsmle of dimenslonirig.-Given M = 9000 kg om (651
‘-l”b.-ft.’)“fid”henoe MaA= 435. If we have deoided, for con-
struotlve reasons, on the profile shown in Figure 6, we thus
obtain, with the bending oonstant corresponding to this pro-
file, the oross-seotional.area F = (lb?’== 0.00465 x -435=
2.02 on= (.313 sq.in.). We oan now teke from the profile
table any profile with this oross-sectionsl area. We will
fiti, for example:
For F = 2.01, profile a= 60, s = 1
II F = 2.16, H a= 70, s = 0.9.
If rigidity is desired, profile 70 x 0.9 will be chosen.
In Flgu”re6, we can also plot the C curves for anY
other profile shape and then dlreotly compare the profiles
as regards their suitability for girders. This naturally
depends only on the minimum value of C. If profiles of dif-
ferent materials axe to be compared, we then plot the value
FV/M2’s Instead of F/Ma’s, or choose, as In Figure 3, for
the bending constants C, two different soales corresponding
to the speclfio gravities Y .
Center of sh&ri rig.-Originally I intehded to speak in
detail of this important question in metal-aircraft construo-
.. td.on. .Dr. Engelmann of Danzig, however, cqlled my attention
to the fact that extloles had already been published on this
subjeot (0. Weber, Zeitsohrlft f&c angewandte Mathematik und
Uechanik, 1924, p.334; and 1926, p.85). I till therefcre lh-
7
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it my remarks to the essentisl facts reg~dlng the center of
.,.- .. ..-
shearlng and to a few Important applicatlons~
If the’shearing stress In
. .
symmetry of the oross seotlon,
sion. If, however, the girder
““ifthe bending stress does not
(as In Figure 7), torsion will
.
a girder lies in a plane of
bending occurs: but no tor-
has no plane of symmetry, or
lie In the plsne of symmetry
generally ocour. It CIanbe
shown that there is a center of sheszlng S for every pro-
file cross section. If the sheering stress passes through
this point, no torsion oocurs.
For the customexy thin-walled profiles in metal airplane
oonstruotion with constant WS,I.1thickness s, the determi-
nation of the
ly simple, as
(Fig. ?) with
the web. The
position of the center of shearing Is especial.
will be shown in the case of the U profile
the aid of a shesxlng stress Q parallel to
occurrence of a shearing force In a girder pro-
duces shesring stresses ‘r, which, in thin-welled profiles,
always run in the direotion of the sheet metal. These shear-
ing stresses are thus direoted In the web of our profile from
below upw~d, in the lower flange toward the left, &d in
theupper flange toward the right. According to the elemen-
. .
taty’laws”of‘bending, T s i-sproportional.at every point to
the foroe exerted by the bending stresses (tensile or”compres-
.,.
slve) on the portion of the girder cross seotion .whlohlies
above this point (e.g., In Fig. 7 for the point 1 proportional
----
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to the strength of the normsl stresses in the hatohed portion
...
“of’’the’6ross section). In Figure 7 the magnitude of the shear-
ing stresses Is indioated at every point. In determining the
position of the center of shesrlng, the absolute magnitude
does not matter, but only the distribution over the profile
oross seotlon. The increase of 7 s per unit of length in
the olrcumferentisl direotion (In the ease of a profile with
constant wall thickness therefore also the inorease of the
shesxing stress itself) is proportional at every point to the
bending stress at this point and hence proportional to the
distance of this point from the neutral fiber. The curves
of the shesring tension are therefore straight lines for the
flsnges and a psxabola for the web.
We till now oompute the msgnltude of the shearing stress
in the different cross sections. With a constsnt To (which
subsequently disappears again) we obtain
~b=~TobS
for the upper and lower flanges and
(Qs= To+
for the web. The resultant
...!.
shearkg stress Q, which has the
magnitude Qs, therefore’,lies at”’th~did Anoe
N.A.C.A. Teohnlosl Memorandum=No.-500
,
from the profile web. For a = 3 b we obtain, e.g.,
24
.- .,,... .t, -
. . . . . . ... . .
cl= 0.33 b.
In our ease the
outside the profile,
.
. , . . ., . _.
resultant shesxing foroe therefore lies
and its point of intersection with the
.
axis of symmetry of the cross seotion determines the oenter
of shearing 8. If the externsL-forob Q slso passes through
this point, Its equilibrium oan then be maintained by the
shesxing stresses in the profile”oross seotion without the de-
velopment of torsion. Otherwise, torsion is produoed which
may be very great in open thin-waled profiles and must be
prevented by constructive measures.
Moreover, it can be easily shown that the oenter of shear-
ing coinoides with the point cf the profile oross seotion,
which does not change its pcsltion in a simple torsion of the
profile.
In an angular profile the center of shesrlng is at the
apex of the profile. In a girder (Fig. 8) consisting of two .
very strong sp~s and a very thin curved sheet for absorbing
the shearing foroes (Such girders often occur in metsl air-
plane construction) the center of shearing (when the partici-
pation of said sheet in the absorption of the bending moment
.-
-is disregarded) is q.= ~ r = ~ r ,distsntfrom the cen-
sinq
ter of curvature. The constant magnitude of the shesrlng
l?-stress is 7 = s l
I?.A.C.A. Technioal Me~r~dw
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‘“- How’”tlie--cefitHrof shearing Is
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cross seotion (Fig. 9) shows
otioulated for olosed profiles.
“ The SPUS are supposed to absorb the whole bending moment,
the effect of the longitudinal stresses in the thin metal
sheet being dlsregexded. It Is assumed that the width of the
spar flanges is small in comparison with the developed length
of the sheet. If we oaloulate the mutual displacement of the
side spars in the longitudinal direotion in the case of sim-
ple lateral bending due to a Bhearing foroe Q (the top and
bottom spaxs having no effeot on these phenomena), in the
first plaoe from the deformation of the lower sheet and in
the second place from the deformation of the upper sheet, we
must obtain the same result in both cases. The following
frmmula (in which G = modulus of shear).must then apply.
The resultant shearing stress in the upper sheet is therefore
(Fig. 8) ‘
at the distanoe h+~r from O, and the resultant sheulng
stress in the lower sheet Is
. . . .
. . .
Q== Ta2rs2=T, ‘n 2rsa
2 J’
..
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at 0.
- .,
.
Henoe the position ~f the penter
-,----
. .. . .
.=-id.!@)=
“ Qz+Qa
-.
h+
of sheaxlng s Is
. .
lT
~ris...
1
Translation by Dwi ht U. Miner,
8National Advisory ommittee
for Aeronautics.
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